It has been demonstrated both thermodynamically and experimentally that fuel-cell grade hydrogen can be produced by a one-step sorption enhanced water gas shift (SEWGS) process at about 500 ºC, where the water gas shift (WGS) catalyst and the CO 2 sorbent are highly integrated. A synthetic CaO-based mixed oxide sorbent was also assessed, which showed a good CO 2 capture capacity and stability in the cyclic operation of the SEWGS reaction. Catalysts play a significant role in CO conversion via WGS, methanation and methane steam reforming reactions. A Pd promoted Ni-Co catalyst (1%Pd/20%Ni-20%Co) derived from hydrotalcite-like material (HT) showed a high activity for WGS and methane steam reforming. The methanation activity was further reduced on 30%Ni-10%Co. There exists an optimum temperature (500 ºC) for hydrogen production by the SEWGS process, where it is kinetically limited by the WGS reaction at low temperatures (425-475 ºC) and it is thermodynamically unfavorable at higher temperatures (475-550 ºC). The challenges for hydrogen production by SEWGS at high CO pressures were also demonstrated, where CO pressure has shown a negative
practices, e.g. production of hydrogen, ammonia, methanol and several other chemicals [6] . The CO reacts with H 2 O to produce CO 2 
It is a reversible and moderately exothermic reaction. Lower temperature thermodynamically favors the CO conversion. For reaching a high process effectiveness, the shift reaction is industrially performed in two stages, i.e., high temperature shift (300-500 ºC) followed by a low temperature shift (180-250 ºC). The high temperature reactor converts bulk CO from ~15% to ~3% and the low temperature unit further reduces the CO level to less than 0.4% [7, 8] . However, in order to produce high-purity H 2 , additional purification processes are required, such as the pressure swing adsorption (PSA) process. More than 22% of the cost of producing a purified hydrogen stream comes from the CO 2 separation process carried out to increase the hydrogen purity in the exhaust gas, as additional energy and equipment are required [9] .
The WGS reaction has also acquired major importance in fuel processing as a CO removal method in hydrogen production for fuel cells. Low temperature proton exchange membrane (PEM) fuel cells [10] require very low CO levels (<10 ppm) in the H 2 -rich gas stream in order to suppress the poisoning effect of CO to the PEM fuel cell catalysts. Production of highly pure hydrogen is of paramount importance for overcoming the CO poisoning problem. In addition to the WGS reaction, a preferential oxidation (PrOx) step is usually implemented in fuel processing, in which most of the residual CO is oxidized to CO 2 . However, a more energy effective technology for production of highly pure hydrogen is extremely desired for using in PEM fuel cells.
Hydrogen production by "sorption enhanced" processes is one of the most promising approaches for one-step production of high-purity hydrogen which could greatly simplify the process, increase the energy efficiency and lower the cost, as reviewed by
Harrison [11] , Barelli et al. [12] , as well as Chen and He [13] . The sorption enhanced concept is based on the Le Chatelier's principle, i.e., in an equilibrium-limited reaction, the shift of the forward reaction to the product side can be enhanced by selective removal of a reaction product from the reaction mixture. With the aim of avoiding a further purification step in hydrogen production, this concept has been applied to the WGS reaction by several researchers [14, 15] by employing a CO 2 sorbent which captures the CO 2 from the gas phase achieving enhanced yield and conversion values, so that a stream of pure H 2 can be produced.
In the sorption enhanced water gas shift (SEWGS) process, a mixture of a CO 2 sorbent and a WGS catalyst is installed in a single unit. SEWGS can be divided into two categories, mediate-temperature one (250-350 ºC) on modified hydrotalcites, and hightemperature one on CaO and other mixed oxides sorbents (400-650 ºC). The operating temperature depends mostly on thermodynamic properties of the CO 2 acceptors. For mediate-temperature SEWGS reaction, hydrotalcites are the commonly chosen sorbents, although their CO 2 adsorption capacity is relatively low (1-2 wt%) and adsorption/desorption kinetics is poor at the reaction and regeneration conditions.
Enhanced hydrogen production along with almost 100% CO conversion has been illustrated by the SEWGS process at 400 ºC on potassium-promoted hydrotalcite-based materials as CO 2 acceptors and commercially available iron-chromium-based shift catalysts [16, 17] . Jang et al. [18] recently reported the use of K 2 CO 3 -promoted hydrotalcite and Na 2 O-promoted alumina as CO 2 sorbents along with a commercial low temperature shift catalyst in the SEWGS process at 400 ºC to generate high-purity hydrogen. Fuel-cell grade hydrogen (<10-20 ppm CO) has been also obtained by Beaver et al. [19] from the SEWGS process at reaction temperatures of 200 ºC using K 2 CO 3 -promoted hydrotalcite and Na 2 O-promoted alumina sorbents and a commercial WGS catalyst. Hydrotalcites with alkaline metal oxides promotion enhanced the CO 2 capture.
However, alkaline metals such as Na and K are mobile in steam, so they have been reported as poisons which deactivate the steam reforming catalysts [20] . However, such effects have not been addressed in the SEWGS with alkaline promoted hydrotalcites and cycle stability of SEWGS using alkaline oxides promoted hydrotalcites has not been reported.
On the other hand, CaO-based sorbents are typically a common choice for CO 2 capture purposes along with commercial catalysts at high temperatures [15] . The major advantages of CaO-based materials are that they exhibit fairly good kinetics and excellent adsorption capacity at high temperatures (20-50 wt%) , together with that their raw materials (i.e., limestone or dolomite) are abundant and inexpensive. The sorption reaction using CaO as sorbent material is represented by Equation (2) , whereas the overall SEWGS is expressed as shown in Equation (3):
The earliest concept of the SEWGS process using CaO-based sorbents (dolomite), traces back in 1931, when Gluud et al. [21] proposed to carry out the SEWGS reaction at temperatures of 300-600 ºC, assuming that CaO plays an active role in the CO 2 capture shifting the reaction towards forward direction. Han and Harrison [22] in 1994
confirmed the enhancement of the reaction efficiency at 500-600 ºC using dolomite as CO 2 sorbent without any catalyst in SEWGS experiments. The high-temperature SEWGS is superior to the mediate-temperature SEWGS regarding to the process energy efficiency, due to a smaller gap of the temperature in relation to the synthesis gas production [23] . In addition, higher rates for both WGS and carbonation reactions as well as high CO 2 capture capacity of CaO-based materials could significantly reduce the reactor value required.
Ramkumar and Fan [24] also demonstrated the enhanced hydrogen yield from coalderived syngas using a synthetic CaO sorbent and a commercial high-temperature WGS catalyst and they obtained a hydrogen purity >99% at high pressures. The presence of WGS catalyst clearly improved the hydrogen production, particularly at low pressures.
Unfortunately their reactor system had a relatively large contribution to WGS reaction, making it difficult to analyze the effects of catalyst in SEWGS. In addition, cyclic stability of the sorbents has not been reported. Müller et al. [14] compared natural and synthetic CaO-based sorbents in SEWGS experiments at 650 ºC, revealing a constant decline in the hydrogen production over a number of cycles using limestone. Synthetic calcium magnesium acetate was found to be more stable than the natural CaO-based sorbents. The key drawback of CaO-based sorbents is that the chemically reactive CaO is a weak, friable material with poor cycle stability. Calcined dolomite (CaO/MgO) has been proved to be a good natural material for CO 2 capture [13, 25, 26] which has better multi-cycle properties compared to limestone [27, 28] . However, dolomites suffer serious deactivation during cycles. The improvement in the properties of CaO-based sorbents for being used in SEWGS processes still represents an important challenge.
Large efforts have been devoted to develop new synthetic CO 2 solid sorbents for hightemperature sorption enhanced processes, such as lithium silicates and zirconates [29] , sodium zirconate [30, 31] and synthetic CaO-based solid sorbents [32, 33] . These synthetic CO 2 acceptors were found to significantly improve the cyclic behavior at high temperatures, so they have become highly attractive for being used in SEWGS processes.
Apart from the sorbent material, highly active catalysts are also crucial for obtaining high yield and high purity of hydrogen, in particular fuel-cell grade hydrogen, from sorption enhanced reactions. Few literature reports are available on the study of catalysts under SEWGS conditions and most likely industrial catalysts are employed.
The performance of Fe-Cr and Co-Mo as promising catalysts under SEWGS conditions at 400 ºC was illustrated by van Dijk et al. [34] . The typically used industrial catalyst for the high-temperature WGS reaction is usually a combination of Fe 2 O 3 and Cr 2 O 3 [35] , but due to the toxic and carcinogenic issues of chromium, it is highly desirable to develop an alternative chromium-free catalyst for being used in this process. Some chromium-free iron-based catalysts containing Al, Ni, Co and Zn have been studied with satisfactory results [36, 37] . The effectiveness in the CO conversion on different metals supported on alumina at high temperatures (300-1000 ºC) has been found to follow the following order: Ni>Ru>Rh>Pt>Pd [38] . The commercial Cu/ZnO/Al 2 O 3 catalyst is widely used in industrial fields for the low-temperature WGS reaction, but other materials like ceria-supported transition metals catalysts have been studied
showing high activities for the WGS reaction [39] .
Nickel-based catalysts have been also studied for both high-and low-temperature WGS reaction. Addition of K as promoter in Ni-based catalysts improved the activity and selectivity for the WGS reaction [40] . Ni-based catalysts were also studied on different supports like SiO 2 and Al 2 O 3 [41] . Previous works in our research group showed high activity and stability for the H 2 production from biomass reforming using a bimetallic Ni-Co catalyst [42] [43] [44] . A Ni-Co catalyst derived from hydrotalcite-like material (HT)
was also synthesized and studied in sorption enhanced steam reforming (SESR) of ethanol [45] and glycerol [46] . A previous effort carried out by our research group concerning sorption enhanced studies of the WGS reaction was based on biosyngas [47] using a 30%Ni-10%Co HT catalyst, showing that the process was highly proficient to produce relatively pure H 2 , but the CO content was still too high for direct use in PEM fuel cells.
The present work is focused on the development of new catalyst and sorbent materials appropriate for using in the high-temperature SEWGS reaction aiming for one-step production of fuel-cell grade high-purity hydrogen (<10 ppm CO) with low concentrations of CO 2 and methane, which has not been previously reported in literature. 1%Pd/20%Ni-20%Co, 20%Ni-20%Co and 30%Ni-10%Co HT-derived catalysts were used to study the effect of the catalyst composition (Co/Ni ratios) and that of the addition of Pd in the catalyst on the SEWGS reaction, aiming for high WGS activity and low methanation activity. Calcined dolomite and a synthetic nanocrystalline mixed oxide (CaCeZr) were studied as CO 2 sorbent materials in the SEWGS process in order to achieve a better sorbent stability. The operating temperature, steam/CO ratio and CO partial pressure in the feed stream were thermodynamically and experimentally assessed in order to obtain pure H 2 in the one-step proposed process. An additional objective of the present work is to gain a better understanding of the SEWGS reaction, which integrates sorption enhanced and reforming reactions.
Experimental
Several Ni-Co hydrotalcite-like materials (HT) have been used as catalysts in this work: XRD and nitrogen physisorption analyses were carried out in order to characterize catalyst and sorbent materials. The crystalline structure of the materials was studied by powder X-ray diffraction analysis on a Siemens IFFRACplus-D5005 diffractometer. The SEWGS experiments were carried out in a Microactivity-Reference reactor (PID Eng&Tech, Spain). The schematic diagram of the experimental setup is shown in Fig. 1 .
A mixture of catalyst and sorbent was place in a fixed bed quartz reactor (inner diameter 14 mm). Prior to the experiment, the catalyst was activated by reduction at 670 ºC for 10 h under a flowing gas mixture of 50 vol% H 2 -He (total flow 200 mL min -1 ) and the reactor was then purged with inert gas and cooled down to the desired temperature. The Gilson® HPLC pump and vaporized by means of an evaporator before being introduced into the reactor. The reactor effluent was cooled down through a condenser (Peltier) and an ice-cooled bath. The exiting gas was analyzed with an online Agilent 3000 Micro GC equipped with a Molsieve and a Plot U columns and a TCD detector. The Micro GC was calibrated employing a standard gas mixture at periodical intervals and the detection limit of the equipment is 0.001 vol%. The SEWGS reaction occurred until the CO 2 sorbent was saturated and it lost the capacity for CO 2 removal. For the study of the sorbent stability, after the SEWGS experiment the feed was switched to inert gas for sorbent regeneration at 750 ºC for about 4 h and the reaction and regeneration stages were repeated cyclically.
The product gas distribution was based on the water-free composition of the gas effluent. The results were expressed as molar fraction of H 2 , CO, CH 4 and CO 2 . The capture capacity of the CaCeZr mixed-oxide sorbent in the cyclic operation was calculated by Equation (4) and it was expressed as grams of CO 2 captured per gram of sorbent using Equation (5). 
2 g CO % Capacity = 100 g calcined sorbent
Here, F CO2,tot represents the average value of CO 2 flow rate during the course of the conventional water gas shift reaction, F CO2,t represents the CO 2 flow rate at time t and t 1 represents the time point where the CO 2 content in the gas effluent did not increase any more after the breakthrough started.
Finally, a thermodynamic analysis of the SEWGS process has been conducted under different reaction conditions. The equilibrium compositions were obtained by minimizing the total Gibbs free energy of the reaction system. Aspen Plus 7.2 software (Aspentech) was used for calculations. The R-Gibbs reactor was specified as the reaction system, where the Peng-Robinson property method predicts the thermodynamic behavior of the system. According to the obtained results for the equilibrium prediction under sorption enhanced conditions, the present species at concentrations higher than 10 -4 mol % were H 2 , CO, CO 2 , CH 4 , H 2 O, CaO and CaCO 3 . Ethane, ethylene, acetylene and solid carbon (graphite) were also included in the product pool, but their concentrations in the equilibrium stream were not great enough to be considered as effective products. Product mole fractions are given on a dry basis.
Results and Discussion

Sorption-enhanced water gas shift process
A typical profile of gas product composition as a function of time on stream after the experimental SEWGS reaction process on 1%Pd/20%Ni-20%Co at 425 ºC is shown in Fig. 2 . The evolution of the gas effluent compositions in the sorption enhanced process can be typically divided in three stages: pre-breakthrough, breakthrough and postbreakthrough [45, 50, 51] . During the pre-breakthrough stage, the calcined dolomite effectively captured CO 2 and thereby its concentration was very low (0.01 mol %). At the same time, the WGS reaction was shifted towards the product side by the CO 2 removal and H 2 concentration was increased to high efficiency (99.28 mol %), whereas CO concentration was below the detection limit of the Micro GC and CH 4 concentration (0.70 mol % ) was low. In the breakthrough region, the CaO sorbent became saturated, which was indicated by a rapid rise in CO 2 concentration and a reduction in the H 2 concentration. In the post-breakthrough region, the CO 2 capture by the sorbent was negligible and conventional WGS reaction (without CO 2 removal) was assumed to occur. The corresponding H 2 concentration was considerably lower than that during the active CO 2 -capture stage. These results demonstrated that dolomite as CaO-based solid CO 2 acceptor is suitable for SEWGS, which effectively removed the CO 2 during the reaction and thus enhanced the performance of WGS for hydrogen production.
Effect of reaction temperature on SEWGS
Temperature is an important parameter in the SEWGS process, since it influences not only the thermodynamic equilibrium of carbonation and WGS reactions but also the rate of the reactions. The SEWGS reaction was conducted at different temperatures at a steam/CO ratio of 4 (CO pressure of 12.5 kPa) on 1%Pd/20%Ni-20%Co HT. The results are summarized in Table 1 together with the corresponding equilibrium compositions. It should be mentioned that an induction period before the SEWGS reaction was observed using a CO pressure of 12.5, which will be discussed later. The steady-state composition after the induction period was taken for the calculation of the concentrations listed in Table 1 .
The equilibrium compositions obtained from the thermodynamic calculation (Table 1) showed that the hydrogen concentration decreases and the concentrations of methane, CO and CO 2 increase concurrently with increasing the operating temperature. The results are in good agreement with those obtained in the sorption enhanced steam reforming of ethanol [45] , as well as glucose and sorbitol [50] . At steam/CO ratio of 4, the CH 4 equilibrium concentration was only slightly increased with the temperature. In general, the experimental gas compositions from the SEWGS reaction were found to be rather consistent with the predicted equilibrium values. However, it should be noticed that the experimental CO 2 contents are slightly, but systematically lower than the equilibrium ones at different temperatures. It can be possibly ascribed to a possible deviation of thermodynamic properties of dolomites from the pure CaO used in the calculations. As a result, it possibly also caused slightly higher experimental concentrations of hydrogen at 500 ºC and 525 ºC compared to equilibrium ones.
Anyhow, such deviations are within the experimental error range. In addition, the CO concentrations at 450-500 ºC were lower than the equilibrium ones, which are also most likely within the experimental error. The CO concentration at 475 and 500 ºC was below the GC detection limit.
The experimental results from the SEWGS reaction at CO pressure of 12.5 kPa (Table   1 ) indicated that the combination of CO 2 capture and WGS reaction yielded a highpurity hydrogen stream (> 99%) with low CO concentration. However, as mentioned above, the extent of the shift from the equilibrium composition was higher at low temperatures. The CO concentration increased concurrently with decreasing temperature from 475 ºC to 425 ºC, while the CO 2 concentration was similar, which could be caused by a lower WGS catalyst activity at lower temperatures. The experimental methane content showed a high dependence on the temperature, which is different from the equilibrium results. The results showed CH 4 content decreased with increasing temperature up to 500 ºC. As a consequence the H 2 content increased. It could be result of the unfavorable thermodynamics of the methanation reaction, enhanced WGS and methane reforming, as well as carbonation reaction for more effective removal of CO 2 inside the reactor [52] , at higher temperatures. The observation is consistent with that found in SESR of ethanol where the larger deviation of the experimental H 2 contents from the corresponding equilibrium values was found at lower temperatures (500-525 ºC) due to higher CH 4 content in the gas product [45] .
However, CH 4 concentration increased and H 2 content decreased with further increasing temperature from 500 ºC (Table 1) , which is consistent with the increase in CO 2 content. The experimental results at higher temperatures are in good agreement with the thermodynamic prediction. Carbonation of CaO is less favorable at higher temperatures, which decreased the sorption enhancement on WGS and increased CO concentration, which led to enhanced methanation. It can be therefore concluded that hydrogen production by SEWGS is kinetically limited by the WGS reaction and enhanced methanation at lower temperatures (425-475 ºC), while it is thermodynamically unfavorable by the CO 2 capture at higher temperatures (475-550 ºC) due to reduced sorption enhancement for hydrogen production. There is a minimum CH 4 content (0.01%) and maximum hydrogen content (99.93%) at the optimized temperature of 500 ºC.
Since CO concentrations found in the product gas at 425 and 450 ºC were higher than expected and they deviated from the equilibrium values, two additional SEWGS experiments were performed under the same operating conditions at temperatures of 425 and 450 ºC, but using a lower CO partial pressure in the feed stream (6.25 kPa), in order to check if the CO concentration in the product gas at low temperature was affected by the CO partial pressure. The H 2 O partial pressure in the feed stream was decreased accordingly to maintain the steam/CO ratio of 4. It can be noted ( Table 1) that at relatively low partial pressure of CO it was possible to fully convert CO until values below the detection limit of the Micro GC with high hydrogen purity at low temperatures. The results indicated that partial pressure of the reactants in the feed stream affected the product composition, which will be further investigated in the next section.
Effect of the steam/CO ratio and CO partial pressure in feed gas on SEWGS
Steam is often added beyond stoichiometric limit in reforming processes in order to promote hydrogen productivity and to prevent coking. The steam/CO ratio can have a significant impact on the hydrogen production by the SEWGS process. In the present study, the SEWGS reaction was conducted at different steam/CO ratios and CO partial pressures at 425 ºC, and the results are summarized in Table 2 , together with the corresponding equilibrium compositions. The H 2 O partial pressure in the feed stream (P H2O ) was changed accordingly to the CO partial pressure values in order to maintain the corresponding steam/CO ratio in each experiment, their values being also shown in Table 2 in parentheses.
The steam/CO ratio is expected to have an effect on the gas product composition, since an increase in steam concentration favors hydrogen production by shifting the equilibrium of WGS reaction. The thermodynamic analysis predicts only a slight decrease in hydrogen content from 99.98 to 99.80% with decreasing steam/CO ratio from 4 to 2, besides a methane content increase from 0.011 to 0.197%. Taking into account the experiments carried out with low CO partial pressure in the reactant mixture (6.25 kPa), the H 2 purity obtained at steam/CO ratio of 2, 3 and 4 showed high values (98.6-99.3%), whereas a nearly complete conversion of CO was only found at steam/CO ratios of 3 and 4. When the steam/CO ratio was reduced to 2, a low CO content (0.01%) was found in the gas product. On the other hand, when the experiments were performed using higher CO partial pressure values in the reactant mixture (15.15-21.74 kPa), the hydrogen purity decreased compared to that obtained with low CO partial pressure at all the steam/CO ratios studied, the CO content in the gas product being very high. CO 2 content was kept almost unchanged regardless to the CO pressure and steam/CO ratio, with a value rather close to the equilibrium one, which indicated that the carbonation reaction of CaO occurred under the conditions studied in Table 2 .
Therefore, the results clearly indicated that an increase in CO partial pressure in the feed stream produces a negative effect on the CO conversion rate, namely negative apparent reaction order of CO. More importantly, this finding points out a challenge for SEWGS at high pressures in terms of catalyst activity at high CO partial pressure, suggesting that more active catalysts are highly desired.
Results also suggested that catalyst activity was high enough by performing the SEWGS reaction close to the equilibrium at CO partial pressure of 6.25 kPa with a space velocity WHSV= 3.44 h -1 and low temperature (425 ºC). However, the catalyst activity seems to be significantly reduced at high CO pressure (12.5 kPa) and low temperature. Results suggested that the gas composition was determined kinetically but not thermodynamically. It indicates that a more extensive study of the SEWGS process at high CO pressure values could be useful to provide kinetic information of the catalysts. Under high CO pressure conditions, as steam/CO ratio decreased, a strong decrease was also observed in the H 2 and CO contents, while a significant increase was observed in the CH 4 content. Thus, very high methane concentration (10.24%) was found at steam/CO of 2. High CO pressure and low steam/CO ratio obviously enhanced methanation and decreased methane steam reforming simultaneously. He et al. [46] carried out sorption enhanced steam reforming experiments of glycerol and also found lower hydrogen purity at low values of steam-to-glycerol ratio. The authors suspected that carbonaceous species were formed on the catalyst under such conditions, causing deterioration in the catalyst activity, which caused an increase in the methane content at the expense of the hydrogen production. The results highlighted that catalysts with low activity to methanation and high activity to methane steam reforming are required at low temperatures. Summarizing, the results indicated that the partial pressure of the reactants in the feed stream can influence the catalyst activity, and thus the product composition. High CO pressure suppressed catalyst activity not only for WGS but also for methane steam reforming. It can be noted that at relatively low partial pressure of CO it was possible to fully convert CO until values below the detection limit of the Micro GC with high hydrogen purity at low temperatures.
The results of SEWGS also will help us to understand why we could get very high hydrogen yield and very low CO content by sorption enhanced reforming of different hydrocarbons and biomass-derived oxygenates on our Ni-Co bimetallic catalysts [43, 45, 46] . The steam reforming and WGS form a sequential reaction, and a high activity of the bimetallic catalyst will keep CO at low concentrations in the gas phase and thus it will avoid the suppressing effects of the high CO concentrations. Ideally, steam reforming function and WGS function should be integrated to the highest extent.
Therefore, catalyst with a high WGS activity is also essential for the sorption enhanced reforming reactions in order to get high yield of hydrogen.
Effect of the catalyst reduction on SEWGS
The use of a catalyst in several reaction-regeneration cycles may affect its activity. NiCo catalysts used in continuous cyclic operation usually suffer from a reversible deactivation due to the loss of active sites during the regeneration step by means of oxidation of Ni and Co with high concentrations of CO 2 or by the oxidative gases added, such as oxygen, forming the corresponding oxides. As a consequence, they require a reduction step before the next cycle. Catalysts that are easily reducible and less sensitive to oxidative treatments at high temperatures are highly desirable to simplify the process. For this purpose, Pd was selected as a promoter for the Ni-Co catalysts. The presence of Pd in the Ni-Co catalyst used in the present work could promote the rapid production of H 2 which would assist the catalyst reduction, avoiding a reduction step between cycles in sorption enhanced biomass gasification, as suggested by Fermoso et al. [42] in a previous work. The effect of using unreduced 1%Pd/20%Ni-20%Co HT catalyst on the SEWGS reaction was checked by the repetition of one of the experiments at CO partial pressure of 6.25 kPa after the sorbent regeneration but without the reduction step of the catalyst. Fig. 3 shows the gas product composition as a function of time on stream after the SEWGS reaction using reduced and unreduced 1%Pd/20%Ni-20%Co HT catalyst for comparison.
The results indicated that the hydrogen purity from the SEWGS process was not affected by the reduction of the catalyst (99.8 mol % with the reduced catalyst and 99.7 mol % with the unreduced one). However, in the case of the reduced catalyst, the complete conversion of CO was achieved, since during the SEWGS reaction CO concentration was below the detection limit of the Micro GC. However, when unreduced catalyst was used a notable CO concentration (around 0.02 mol %) was detected during the SEWGS process. Therefore, in order to minimize the CO concentration in the gas product stream of the SEWGS process and obtain a high-purity hydrogen gas, the reduction of the catalyst between consecutive cycles of reaction is needed. However, it should be pointed out that the reduction of the Co-Ni catalysts has been significantly improved by the promotion of noble metals, such as Pd, which simplifies the process in order to be used in circulating fluidized bed reactors to produce hydrogen with a low amount of impurities. On the other hand, results indicate that the catalyst is crucial for obtaining high-purity hydrogen by SEWGS, which is consistent with the results reported by Ramkumar and Fan [24] .
Effect of the catalyst composition on SEWGS
Since the CH 4 concentrations detected in the experiments carried out with high CO partial pressure values in the feed stream at low temperatures (Tables 1 and 2) were extremely high, one additional SEWGS experiment was performed at 450 ºC with an even higher CO partial pressure in the feed stream (20.0 kPa), without using inert gas in the inlet stream, in order to confirm the rigorous methanation effect on identical catalyst, 1%Pd/20%Ni-20%Co. The gas product composition from this experiment is presented in Table 3 . The results again showed very high methane production (2.65%)
together with a decrease in the hydrogen purity until 96 mol %, which indicates that methanation could become the main problem in the highly efficient SEWGS process for yielding high-purity H 2 .
As it has been concluded in previous sections, catalyst plays a very important role on the SEWGS reaction. So, catalysts should be rationally designed to have high activity for WGS and methane steam reforming but low methanation activity, besides keeping its stability. Ni-and Co-based catalysts are widely accepted as appropriate low-cost metal catalysts for steam reforming of hydrocarbons, since Ni has exhibited good performance by favoring C-C and O-H bonds rupture and Co has presented high selectivity to hydrogen in steam reforming reactions [43] , but monometallic catalysts could not meet all the requirements. Bi-or multi-metallic catalysts can be the choice to improve the catalyst functionality and Ni-Co bimetallic catalysts could be a good option. A previous kinetic screening study over a series of Ni-Co HT catalysts with different Ni/Co ratios has been performed in our research group and it suggested that the lowest methane production keeping high WGS activity was obtained on 30%Ni-10%Co
HT catalyst [47] . Moreover, noble metals are known to have high reforming and WGS activity and good resistance to coke formation, although the high cost limits their applications. In the present work, Pd has been added in a relative low loading as the third metal to the Ni-Co catalyst. Three catalysts were selected in the present work for the evaluation of effects of the metal composition on SEWGS, namely 1%Pd/20%Ni-20%Co HT, 20%Ni-20%Co and 30%Ni-10%Co.
The results (Table 3) showed that the methane concentration in the product gas from the SEWGS reaction was much lower on 30%Ni-10%Co catalyst as compared to 1%Pd/20%Ni-20%Co catalyst, whereas methanation activity was notably increased on 20%Ni-20%Co catalyst. These results showed an improved capacity of the 30%Ni- However, it should be mentioned that the catalyst composition has not been optimized for SEWGS in the present work. Wheeler et al. [38] have indicated a reaction rate order of Ni>Ru>Rh>Pt>Pd for high-temperature WGS (300-1000 ºC). Panagiotopoulou et al.
[53] studied the methanation reaction of CO over supported noble metal catalysts (Ru, Rh, Pt and Pd) in the presence and absence of water, showing that the methanation activity of Rh and Ru is much higher than one on Pt and Pd catalysts. However, the selectivity to WGS in the presence of water followed the order Pt>Pd>Rh>Ru [53] .
Jones et al. [54] studied the steam methane reforming on different transition metal catalysis and found an activity order of Ru~Rh>Ni~Ir~Pt~Pd. Analysis of the reported rate orders points out that Pt and Pd are potential promoters for the Ni-Co catalysts to achieve high activity of WGS and steam methane reforming but low activity for the methanation reaction. In addition to Pd, Pt-30%Ni-10%Co could be an attractive candidate for SEWGS.
Effect of hydrogen addition
During the sorption-enhanced WGS experiments carried out with high partial pressure of CO, a slow CO reaction rate at the beginning of the experiment was observed, which resulted in an induction period and a longer time to attain the lowest CO concentration with the maximum production of hydrogen. This phenomenon was more notably observed using 20%Ni-20%Co HT catalyst (Fig. 4) . In the case of the experiments carried out with low partial pressure of CO, this delay in the CO consumption was not observed and a very short time was taken to get the maximum conversion, as can be seen in Fig. 3 for the reduced 1%Pd/20%Ni-20%Co HT catalyst. A possible explanation for the initial slow reaction rate is that at the beginning of the experiment with high partial pressures of CO, the catalyst surface is strongly bonded and mostly occupied by carbon monoxide, thus hindering the shift reaction. Once the hydrogen emerges as a result of the WGS reaction, the catalyst surface is also occupied by the product gases including hydrogen and the reaction rate increases.
To confirm this assumption, an additional experiment was conducted in which a small amount of hydrogen was fed in the reactant stream. This experiment was carried out using 20%Ni-20%Co HT catalyst, since it was found to be less active at the beginning of the experiment. The reaction conditions were the same as described above but adding 20 mL min -1 of H 2 (P H2 =19.51 kPa) in the feed stream. Fig. 4 shows the CO concentration in the product gas as a function of time on stream after the SEWGS for this experiment compared to the CO concentrations obtained using the same catalyst without the addition of H 2 in the feed stream. The results showed that not only the reaction rate was enhanced by the addition of H 2 in the inlet stream, but also complete conversion of CO was achieved after 20 min on stream. A CO concentration below the detection limit of the Micro GC was not observed in the experiment performed without hydrogen addition. Hence, it could be concluded that a slow reaction rate of CO at the beginning of the SEWGS experiments with high CO partial pressure can be improved by the addition of a small amount of hydrogen to the reactant stream. In addition, high concentration of surface hydrogen on the catalyst is speculated to greatly lower the coking potential [45, 46] .
3.7.
Highly pure hydrogen production by SEWGS using a novel mixed oxide (CaCeZr) CO 2 sorbent and 30%Ni-10%Co HT catalyst
Since it has been well established in the literature that dolomite loses its CO 2 capture capacity over a number of cycles, the stability of the sorbent material can be considered one of the key challenges in the development of the SEWGS technology. Consequently, the choice of an adequate sorbent can be very important to generate a constant stream of pure hydrogen by the SEWGS process. An attempt to address this issue was made in the present work by synthesizing a mixed oxide material to be used as CO 2 sorbent, CaCeZr The results of the successive cycles revealed that the H 2 concentration in the gas product remained quite constant over the period of 6 cycles (around 99.8 mol %), methanation reaction was observed to be reduced as the number of cycles proceeded from ca. 0.16 to 0.003 mol %, whereas the unconverted CO decreased until 0.01 mol %. However, the time of the pre-breakthrough stage was reduced as the number of cycles proceeded.
Fig . 6 shows the in situ CO 2 capture capacity of the calcined CaCeZr (10:1:1) sorbent during six cycles of SEWGS reaction. Despite the good capacity of the mixed oxide sorbent in the initial cycles, its CO 2 capture capacity decreased during the first three cycles, but after that it appeared to be stabilized. In contrast, a continued decline in the CO 2 capture capacity has been reported for dolomite sorbent. The CO 2 capture capacity of CaCeZr sorbent was found to be 0.378 g CO 2 /g sorbent during the first cycle, which is comparable, although slightly lower, to that reported in previous works with a similar sorbent by Sultana and Chen [49] under sorption enhanced steam methane reforming at 570 ºC and for ethanol steam reforming at 575 ºC. The SEWGS experiments carried out in the present study with dolomite as sorbent material showed that the CO 2 capture capacity of dolomite was 0.26 and 0.23 g CO 2 /g sorbent during the first and second cycles of reaction, respectively. The comparison of the initial capture capacity between the dolomite and the mixed oxide sorbent indicated that the CaCeZr (10:1:1) sorbent had a higher CO 2 capture capacity during the first cycle of SEWGS reaction than dolomite under these SEWGS conditions. Since the capture capacity of the dolomite is known to deteriorate during multiple cycle operation, it can be concluded that the CaCeZr (10:1:1) sorbent could show a better stability in sorption enhanced processes.
The reason for the relatively lower CO 2 capture capacities under SEWGS reaction conditions as compared to those of sorption enhanced reforming in the previous work [49] could be the difference in reactivity as the two reaction proceed. As indicated above, under the conditions of the present SEWGS reaction study, CO reacts with an initial slow reaction rate, so possibly a lower amount of CO 2 is generated in the reaction zone as compared to that produced during the steam methane reforming process. The capture capacity of the sorbent is also a function of the CO 2 partial pressure and hence highly depends on the amount of CO 2 generated in the reaction zone. A slow initial production of CO 2 could result in a low capture capacity under the SEWGS conditions investigated as compared to the reforming process. Finally, it can be deduced that the use of the CaCeZr mixed oxide sorbent together with an appropriate WGS catalyst could for the first time allow stable production of highly pure hydrogen, in particular fuel-cell grade hydrogen, at low CO pressures by cyclic SEWGS process.
In order to understand the mechanism of the observed deactivation of sorbents, the characterization of both fresh and spent catalyst (10%Co-30%Ni) and sorbent material (CaCeZr 10:1:1) were performed by means of XRD and BET surface area measurements. The XRD spectra of the fresh calcined sorbent is shown in Fig. 7 . The XRD pattern indicates the presence of CaO and Ce 0.5 Zr 0.5 O 2 phases in a well-crystalline structure of the sorbent material. The BET surface area of the calcined sorbent was found to be 31.2 m 2 g -1 and pore volume of 0.14 cm 3 g -1 (Table 4 ).
The XRD analysis of the fresh 10%Co-30%Ni HT catalyst ( respectively (Table 4) .
After completion of seven cycles of SEWGS, it was difficult to separate the catalyst and the sorbent from the catalyst/sorbent mixture. Therefore, the XRD and BET analyses of the sorbent/catalyst (20/1 g/g) mixture were done in order to evaluate the changes in the physical-chemical properties. The XRD pattern is shown in Fig. 10 The initial average surface area of the catalyst/sorbent mixture was calculated to be 38 m 2 g -1 , whereas it was reduced to 12 m 2 g -1 after seven cycles ( [56, 57] . Taking into account the stable H 2 , CH 4 and CO contents during the SEWGS cycles, the observed decrease in the CO 2 capacity (Fig. 5 ) will be mainly result of the deactivation of the sorbent due to the BET surface area decrease, the CaO sintering and the loss of CaO active material by formation of CaZrO 3 .
Conclusions
The integration of in-situ CO 2 capture to the water gas shift reaction, i.e. sorptionenhanced water gas shift (SEWGS) process, have been investigated to effectively produce a highly hydrogen-rich gas stream in a single step. The experimental results and the thermodynamic analysis showed that incorporating in-situ CO 2 capture into the water gas shift reaction is essential to achieve a one-step high yield of hydrogen. The SEWGS reaction for hydrogen production was studied in a fixed-bed reactor using 1%Pd/20%Ni-20%Co HT catalyst and calcined dolomite as CO 2 sorbent. Ni-Co catalysts and a novel CaCeZr mixed oxide as sorbent were also studied. We clearly illustrated that the catalyst plays a significant role in the one-step hydrogen production by SEWGS. The 1%Pd/20%Ni-20%Co HT catalyst was found to be the most active for attaining the complete CO conversion, but it was associated with significant methanation when low temperatures and high CO partial pressures in the feed stream were used, which was also detected with the use of 20%Ni-20%Co HT catalyst. The results indicated that methanation reaction increased strongly with increasing CO partial pressure in the feed stream. The utilization of 30%Ni-10%Co HT catalyst was proved to be the best option for the studied SEWGS process due to the reduced methanation reaction at low temperatures using high CO partial pressures in the feed stream.
Furthermore, the synthesized CaO-based mixed oxide, CaCeZr, sorbent could be a good option for using in SEWGS reaction due to its stability and capture capacity.
There is an optimized temperature for hydrogen production by the SEWGS reaction.
The hydrogen production by SEWGS is kinetically limited by the WGS reaction at low temperatures (425-475 ºC), while it is thermodynamically unfavorable at high temperatures (475-550 ºC). The concentration of hydrogen from SEWGS reaction was higher than 99.8 mol % between 450-525 ºC, steam/CO ratio of 4 and CO partial pressure of 12.5 kPa using 1%Pd/20%Ni-20%Co HT catalyst and dolomite as sorbent.
The lowest CO concentration was found at temperatures of 475-500 ºC, whereas the methanation reaction was effectively reduced at temperatures higher than 500 ºC. Under the conditions of the present study, a maximum hydrogen concentration of 99.93%
together with a very low CH 4 concentration (0.01 mol %) and negligible CO content (below the detectable limit of the Micro GC analyzer) was obtained after the SEWGS reaction at 500 ºC, steam/CO of 4 and CO partial pressure of 12.5 kPa. Such a low level of CO might allow the direct use of the gas product in low-temperature proton exchange membrane (PEM) fuel cells without subsequent CO removal. Under these conditions, the reduction of the 1%Pd/20%Ni-20%Co HT catalyst between successive SEWGS cyclic reactions was proved to be necessary in order to reach full CO conversion. On the other hand, the slow reaction rate found in the preliminary stage of reaction with high partial pressure of CO in the feed stream can be overcome by the addition of hydrogen in the inlet stream, which not only significantly enhanced the rate of shift reaction but also resulted in the complete conversion of CO.
The major potential advantages of the studied process are the production of a highpurity hydrogen stream from water gas shift reaction in a single step and the possibility of obtaining a fuel-cell grade hydrogen gas with a low enough CO concentration.
However, future works studying the activity and stability of the catalysts over an increased number of cycles under high CO and steam partial pressure conditions would be still necessary. Also, the addition of Pd to the 30%Ni-10%Co HT catalyst should be tested, since it could potentially incorporate significant advantages in relation to the improvement in the CO conversion and reduction of methanation reaction during the SEWGS process. 
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